Large-scale implementation of (plant) microbial fuel cells is greatly limited by high electrode costs. In this work, the potential of exploiting electrochemically active self-assembled biofilms in fabricating three-dimensional bioelectrodes for (plant) microbial fuel cells with minimum use of electrode materials was studied. Three-dimensional robust bioanodes were successfully developed with inexpensive polyurethane foams (PU) and activated carbon (AC). The PU/AC electrode bases were fabricated via a water-based sorption of AC particles on the surface of the PU cubes. The electrical current was enhanced by growth of bacteria on the PU/AC bioanode while sole current collectors produced minor current. Growth and electrochemical activity of the biofilm were shown with SEM imaging and DNA sequencing of the microbial community. The electric conductivity of the PU/AC electrode enhanced over time during bioanode development. The maximum current and power density of an acetate fed MFC reached 3 mA·m −2 projected surface area of anode compartment and 22 mW·m −3 anode compartment. The field test of the Plant-MFC reached a maximum performance of 0.9 mW·m −2 plant growth area (PGA) at a current density of 5.6 mA·m −2 PGA. A paddy field test showed that the PU/AC electrode was suitable as an anode material in combination with a graphite felt cathode. Finally, this study offers insights on the role of electrochemically active biofilms as natural enhancers of the conductivity of electrodes and as transformers of inert low-cost electrode materials into living electron acceptors.
Introduction
In a bioelectrochemical system (BES) application such as a (Plant) Microbial Fuel Cell, an electrode is a crucial part because of its function to accept released electrons from electrochemically active bacteria in the anode and to transfer the electrons to the final electron acceptor in the cathode [1, 2] . Especially in plant microbial fuel cells with its relative low current density, large amounts of electrodes are required. One of the most utilized electrodes is graphite felt [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . So far, the best two week performance of a plant microbial fuel cell (Plant-MFC) utilizing graphite felt both for the anode and the cathode, achieved a power output of 240 mW·m −2 [13] . Although graphite felt has shown itself to be a good electrode, its price (around €62 per m 2 ) has become an inhibiting factor in real applications [17] . For instance, the electrode cost (with graphite felt) for a tubular Plant-MFC is between 30 and 78% of dipping them into the coating solution for one hour at constant stirring and 30 • C temperature in a climatized room. Foams were carefully dropped in sequence and kept in the middle of the vortex. Afterwards, the PU/AC composites were gently rinsed with demineralized water and dried at 105 • C overnight. Loads of activated carbon attached to the PU foams were calculated via gravimetric mass balances as given in Equation (1) .
where W AC was the % of AC attached to foams, W f was the final weight after treatment and W i was the initial weight of the plain foams [37] .
Microbial Fuel Cells (MFCs) Setup
The experimental setup consisted of six flat-plate MFCs similar to earlier work [40] . Each MFC had two single flow channels (one for the cathode and one for the anode) separated by a cation exchange membrane (Fumasep FKD-PK-75, Fumatech, Braunschweig, Germany). Each channel had a projected surface area of 22 cm 2 and a volume of 33 mL. The 33 mL anode volume was filled with or without three-dimensional electrode material as described in Table 1 . The cathode consisted of a flat graphite-Al 2 O 3 blasted plate (Müller & Rössner GmbH & Co., Troisdorf, Germany) and four graphite felt layers with a thickness of 3 mm (FMI Composites Ltd., Galashiels, Scotland) inside the channel to increase the surface area. The anode integrated the anode material and two titanium current collectors with a length of 11 cm (No. 299, D = 1 mm, Ti-gr1) separated by a distance of 5.5 cm (Figure 1 ). Of the six reactors (Table 1 ), in three of them, the anode material was comprised of eleven cube foams with one coating of activated carbon (PU/AC composites). One of the MFCs with PU/AC composites (PU/AC Inoculum) was used to grow the bioanodes and used the anolyte as inoculum for the other two (PU/AC I and PU/AC II). One MFC had as the anode material a graphite felt (KFA-5 mm, SGL Carbon GmbH, Bonn, Germany) layer to confirm that the used medium and inoculum in all MFCs was not limiting the development of the bioanodes. The last two MFCs (Ti-CC I and Ti-CC II) were deprived of anodes and used only Ti wire as current collectors that possibly acted as an anode. These two MFCs were also inoculated with the same inocula and recirculated with the same growth medium as used in other MFCs to make it a proper control. 
MFCs Operation
MFCs were operated under recirculation and anaerobic conditions within an acclimatized room at 30 °C. The flow rates were 3.5 mL·s −1 for the anolytes and 3.3 mL·s −1 for the catholytes. The anolytes had 0.020 M sodium acetate, 10 g·L −1 sodium 2-bromoethane sulfonate and macro and micronutrients as described earlier (Tables S1 and S2) [18] . Anolyte compartments were equipped with Ag/AgCl, 3M KCl reference electrodes (QIS, Oosterhout, The Netherlands). In the catholytes, 0.05 M potassium ferricyanide was chemically reduced in 0.05 M phosphate buffer at pH 7. On day one, both catholytes and anolytes were flushed with N2 gas (purity > 99.9%) for one hour to remove oxygen. This was done to prevent oxygen diffusion from the cathode to the anode as oxygen may hamper the development of the bioanode [4] . Then, anolytes were inoculated with 11% v/v of mixed culture bacteria grown on acetate from previous experiments [13, 32] . Acetate (2 g·L −1 sodium acetate) was further regularly (about every 2-4 days) injected into the anolyte to prevent substrate depletion. MFCs were operated with an external resistance of 50 kΩ. The 50 kΩ external load was chosen so it was higher than the earlier used 1 kΩ by a similar MFC with a plain graphite felt electrode [18] . With the newly not optimised electrodes, a lower current may have occurred. Therefore, with this possible lower current a higher external load would be required to monitor a technical sufficient cell potential 
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Measurements

Electrochemical Measurements
For all MFCs, anode and cathode potential were measured versus the reference electrodes placed in the anode chamber. Potentials were collected every 600 s via Fieldpoint modules (National Instruments, Austin, TX, USA) connected to a computer with Labview Software (LabVIEW 2013, National Instruments, Austin, TX, USA). All the electrochemical experiments were carried out with a potentiostat (Iviumstat, Ivium Technologies, Eindhoven, The Netherlands). To know the maximum performance of the bioanodes, polarization curves were performed in situ with a three-electrode setup from a potential of −500 mV to 50 mV, in steps of 50 mV every 600 s [2] . In this setup, anodes were the working electrodes while the cathodes were the counter electrodes. The reference electrodes were located in the anode chamber. The cells were set to open cell for 30 min before the polarization curves. The average current measured for each anode potential in the last 60 s is shown in the results.
Furthermore, to support understanding in electron transfer, in situ and ex situ cyclic voltammetries (CVs) were done under anaerobic conditions as in previous MFC research [41, 42] . The in situ CVs were done with a three-electrode setup (anodes were the working electrodes) from a potential of 50 mV to −400 mV and increased back to 50 mV at a scan rate of 1 mV·s −1 [43] . Three cycles were performed considering the last cycle as the result. The in situ measurements were performed in MFCs after the start-up phase (t = 3 days), the replacement of current collectors (on days 20) and the replacement of old anolytes for fresh ones (t = 25 days). These fresh anolytes were free of inoculum and acetate and were flushed for one hour with pure N 2 . In addition, the ex situ CVs were performed in the replaced anolytes with a three-electrode setup using an Ag/AgCl, 3 M KCl reference electrode and two titanium wires integrating a graphite felt-layer of 1.5 × 2 cm as the counter and working electrodes ( Figure  S1 ). The counter and working electrodes were placed in the anolyte under continuous N 2 flushing; the electrodes were just in contact with the anolyte. The set range for ex situ CVs was from 50 mV to −400 mV at a scan rate of 5 mV·s −1 . Both scan rates, 1 mV·s −1 and 5 mV·s −1 , were not destructive for the biofilm according to the literature [2, 44] .
Moreover, ohmic resistances of bioanodes were measured in situ over time and ex situ at the end of experiments via electrochemical impedance spectrometry (EIS) ( Figure S2 ). All EIS were carried out with a two-electrode setup at an applied cell voltage of 0 V, an amplitude of 0.01 V and 26 frequencies in the range of 10 −4 to 10 6 Hz [2, 45] . Via this two-probes alternating current (AC)-conductivity method the ohmic resistance was taken from the x-axis intercept of the Nyquist plot as reported before [7] . Particularly for the ex situ measurements, a device with gold-plated electrodes was constructed for measuring the PU/AC bioanodes ( Figure 2 ). The electrodes had a gold layer thickness of 3 mm (Haveman Edelmetaal, Voorburg, The Netherlands). A single PU-cube (dimensions as earlier mentioned with 1.5 by 1.5 by 1.5 cm) was fixed between the electrodes to measure resistance; the distance between the electrodes was fixed at 1.2 cm and the cube pressed with about 20% volume reduction. The measurements were under saturated conditions with acetate-free anolyte previously flushed with N 2 for one hour. To achieve saturated conditions, 1.5 mL of anolyte media was injected with a syringe into the centre of the sponge and from the bottom towards the top. Between measurements, the device and electrodes were cleaned with tissues and pure ethanol. Uncoated PU foams were measured with the same technique to assess the influence of the biofilm on the conductivity of the composites. Particularly, PU/AC/BIO I had one less measurement than PU/AC/BIO II because one sample from PU/AC/BIO I went to microbial analysis. 
Physicochemical and Reactants Measurements
The pH was manually measured with a pH meter (MeterLab ® PHM210, Radiometer Analytical SAS, Villeurbanne Cedex, France) while the conductivity of anolytes was measured with a multiparameter meter (HQ440D, HACH, Loveland, CO, USA). Acetate, bicarbonate, ferricyanide and ferrocyanide concentrations were measured to evaluate the performance of the bioanodes [2, 46] . Acetate concentrations were measured in a gas chromatographer (7890B GC Systems, Agilent Technologies, Santa Clara, CA, USA) as described in previous research [18] . Bicarbonate concentration in anolytes was measured directly in a total organic carbon analyser (TOC-LCPH E200, Shimadzu, Kyoto, Japan). Ferricyanide and ferrocyanide concentrations were determined as described by Skyllas-Kazacos et al. [47] via spectrophotometry at 260 nm and 420 nm (Infinite M200PRO, TECAN, Männedorf, Switzerland) with a cell of 10 mm (100-QS, Hellma Analytics, Müllheim, Germany) ( Figure S3 ).
Microscopic and Microbial Analysis
At the end of experiments, MFCs were disassembled and bioanodes were put in a solution of 2.5% glutaraldehyde in phosphate buffer 0.1 M for scanning electrons microscopy (SEM) [48] . Subsequently, samples were rinsed three times in 0.1 M phosphate buffer pH = 7.2 and were postfixed using 1% osmium tetroxide for 1 h. The samples were dehydrated in graded ethanol solutions in water-30%, 50%, 70%, 80%, 90%, 96%, 2 × 100% (for 10 min each). Then, samples were critical point dried (CPD) with carbon dioxide in a Leica EM CPD300 (Leica Microsystems GmbH, Wetzlar, Germany). Afterwards, samples were mounted on SEM stubs by carbon adhesive tabs (EMS, Washington, DC, USA) and subsequently coated with 12 nm Tungsten (Leica, MED 020, Wetzlar, Germany). Samples were analysed at 2 kV, 6 pA, in a field emission scanning electron microscope (Magellan 400, FEI Company, Eindhoven, The Netherlands).
Samples (anolyte and electrode) for microbial analysis were taken on day 28 (from PU/AC I) and day 70 (from PU/AC Inoculum). The samples were immediately stored in a −80 °C freezer after collection until the DNA sequencing was conducted. DNA extraction and sequencing steps were performed similar to the previous work [33, 49] . DNA was extracted from the samples using the PowerSoil ® DNA isolation kit according to their instruction manual. The extracted DNA was quantified using Qubit ® and diluted to 5 ng·μL −1 the final template DNA concentration for PCRs. The V3-V4 regions of 16 s rDNA from the isolated DNA was amplified using the primer sets by Takahashi et al., which allowed simultaneous amplification of bacterial and archean 16 s rDNA. The illumina library generation methods were subsequently used to generate DNA sequence data [50] . Furthermore, a statistical analysis was done to pick the operational taxonomic unit (OTU) using the SILVA version 128 16S reference database and uclust [51, 52] . With the same SILVA reference database, the ribosomal database project (RDP) classifier (version 2.2) was trained and used to classify the OTUs [53] . QIIME software version 1.9.1 was used to perform taxonomic analysis [54] . 
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Samples (anolyte and electrode) for microbial analysis were taken on day 28 (from PU/AC I) and day 70 (from PU/AC Inoculum). The samples were immediately stored in a −80 • C freezer after collection until the DNA sequencing was conducted. DNA extraction and sequencing steps were performed similar to the previous work [33, 49] . DNA was extracted from the samples using the PowerSoil ® DNA isolation kit according to their instruction manual. The extracted DNA was quantified using Qubit ® and diluted to 5 ng·µL −1 the final template DNA concentration for PCRs. The V3-V4 regions of 16 s rDNA from the isolated DNA was amplified using the primer sets by Takahashi et al., which allowed simultaneous amplification of bacterial and archean 16 s rDNA. The illumina library generation methods were subsequently used to generate DNA sequence data [50] . Furthermore, a statistical analysis was done to pick the operational taxonomic unit (OTU) using the SILVA version 128 16S reference database and uclust [51, 52] . With the same SILVA reference database, the ribosomal database project (RDP) classifier (version 2.2) was trained and used to classify the OTUs [53] . QIIME software version 1.9.1 was used to perform taxonomic analysis [54] .
Calculations
The Coulombic efficiency (CE) was calculated from Equation (2):
where I measured is the current being produced and I available is the maximum current theoretically possible given the consumed acetate [2, 55] . The total Ohmic resistance of the bioanode electrodes was calculated based on earlier research [56] and in situ Ohmic resistance measurements over time (Table S3 ). Therefore, as in a circuit in series, the total resistance (R Ohmic-bioanode ) was the sum of the ohmic resistances involved (R Ohmic-bioanode = R S + R BIO + R CR + R PU/AC ). Thus, the studied resistances were the anolyte resistance (R S ), the biofilm resistance (R BIO ), the contact resistance between PU/AC electrodes and titanium current collectors (R CR ) and the resistance of electrodes without biofilm (R PU/AC ). Moreover, it was assumed that the R CR was equal to 1 Ω as earlier indicated by Gago et al. [57] and that the R S was the inverse of the anolyte conductivity multiplied by the distance between current collectors. For the R PU/AC , it was the initial ohmic resistance that was deducted from the measured in situ R ohmic bioanode before inoculation of anolytes. The R BIO was supposed to be zero at the start and later on deducted from the difference between R PU/AC and subsequent ohmic resistances after inoculation.
Field Test
A similar PU/AC electrode was tested in a paddy field in West Kalimantan, Indonesia. Two tubular plant microbial fuel cells (Plant-MFC) similar to previously used in the paddy field experiment but with a length of 50 cm were prepared [58] . A 10 L bucket filled with 5 L water and 100 g of activated carbon was used to prepare this electrode at 30 • C. Then the PU sheet (Medium Filter Foam 50 × 50 × 2 cm, Vijver Techniek (VT), Enschede, The Netherlands) was submerged in the bucket and mixed for 20 min with a mixer (Heidolph Type RZR1, Heidolph Instruments GmbH&CO.KG, Schwabach, Germany). In the first tubular Plant-MFCs (Figure 3 ), both the anode and cathode utilized the PU/AC electrode. While in the other one, the PU/AC was only utilized as the anode while the cathode still used graphite felt. Both tubular Plant-MFCs were installed as described in earlier research and operated at 1000 Ω external load [58] . The 1000 Ω external load was chosen so it had the same external resistance as the similar tested tubular Plant-MFC made from graphite felt electrodes [58] . Anode potential and cathode potential were measured against Ag/AgCl reference electrode and the potential data were logged with a voltage sensor connected to a LoRa network as described in an earlier publication [58] . Current density and power density were normalized to plant growth area (PGA = 0.02925 m 2 ) as described earlier [58] . 
Results and Discussion
A Rough Surface of Activated Carbon was Created on the Carbon-Polyurethane by a Simple Water-Based Dipping Method
In this study, a simple electrode made of activated carbon deposited on the surface of a reticulated polyurethane cube was successfully developed (Figure 4 ). Results showed that on average 3.3 mg/PU cube (~1 kg·m −3 ) of AC appeared to be adsorbed on the surface of the polyurethane cube. The activated carbon was stuck on the polyurethane surface due to the water absorption capacity of the PU foams (earlier described by [59, 60] ) and the high adsorption capacity of the AC particles [61] at the provided 30 °C temperature and mixing. The same procedure at room temperature resulted in less adsorption and was therefore not investigated. There was a clear difference between the uncoated and coated PU cube (Figure 4d,e) . In SEM images one can see that the AC-coating created a surface no longer clean and flat but a rough surface with deposits forming crevices of different micro-sizes. Dry weight measurements confirmed that 3.3 mg per cubes of AC were deposited. Based on the total surface area available and considering an even distribution, the 
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In this study, a simple electrode made of activated carbon deposited on the surface of a reticulated polyurethane cube was successfully developed (Figure 4 ). Results showed that on average 3.3 mg/PU cube (~1 kg·m −3 ) of AC appeared to be adsorbed on the surface of the polyurethane cube. The activated carbon was stuck on the polyurethane surface due to the water absorption capacity of the PU foams (earlier described by [59, 60] ) and the high adsorption capacity of the AC particles [61] at the provided 30 • C temperature and mixing. The same procedure at room temperature resulted in less adsorption and was therefore not investigated. There was a clear difference between the uncoated and coated PU cube (Figure 4d,e) . In SEM images one can see that the AC-coating created a surface no longer clean and flat but a rough surface with deposits forming crevices of different micro-sizes. Dry weight measurements confirmed that 3.3 mg per cubes of AC were deposited. Based on the total surface area available and considering an even distribution, the AC layer was estimated to be on average between 2.5 and 4 µm (typical specific surface area of 20 PPI (pore per inch) polyurethane is 984 m 2 ·m −3 [62] ). Furthermore, the remaining macro-porosity of the reticulated PU cube (Figure 4f ) could potentially help to achieve internal and external bacterial colonization as well as long-term performance as demonstrated by Huysman and Xie [37, 63] . In this sense, it could prevent clogging, which has been a technical challenge for three-dimensional bioanodes with pores smaller than 10 µm after six months of operation in MFCs [64] .
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PU/AC Works as a Bioanode and Likely Electrochemically Active Bacteria Grown on the PU/AC Improved its Conductivity
The newly developed PU/AC electrode acted as an electron acceptor in an MFC anode. The PU/AC electrode accepted electrons that were liberated by the EAB and transported them via the external load to the graphite felt cathode, thus electricity was generated. Figure 6 shows that the PU/AC MFCs delivered electricity when used as the anode while the blanks (only current collector/Ti wire) delivered no significant electricity. Both reactors, PU/AC I and PU/AC II, produced electricity in the same order with a maximum power density of 22 mW·m −3 and 10.4 mW·m −3 , respectively. When the current collectors were removed (dashed red line) and replaced with a new one, the PU/AC MFCs delivered no current anymore. This could be explained by a disturbance of the connection of the current collector (CC) to the PU/AC. Possibly, there were also EAB grown in the biofilm that improved connectivity of the current collector to the PU/AC. Another explanation could be that the removed current collector contained the primary EAB; however, since the blank experiments (only current collectors) showed no significant electricity generation the role of the current collector as an electrode could be neglected. Figure 7a supports that the biofilm enabled the development of a PU/AC electron acceptor because a SEM image of the surface of a CC showed no bacterial attachment. The poor biofilm attachment to the current collectors demonstrated their unsuitability as an anode material possibly due to their reduced biocompatibility and micro and macro-porous features [23] . With this proof-of-principle of a PU/AC bioelectrode, the current and power density reached 3 mA·m −2 projected surface area of anode compartment and 22 mW·m −3 anode compartment, respectively. Columbic efficiency was low. The PU/AC I and PU/AC II only reached 0.07% and 0.02%, respectively. This low columbic efficiency could be caused by competing processes in the anode such as syntrophic acetate oxidizing microbes that convert acetate into CO2 and H2, which were flushed out via the anolyte bottle. However, improvement will be required to reach more significant current densities reached for the bioanode in the order of 25 kA·m −3 [65] . For example, by longer-term performance or use of different AC particle sizes, a better bioanode may be developed. Additionally, 
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Results also showed that the EAB also increased the PU/AC conductivity. In the end of the experiment, ex situ ohmic resistivity was measured. Clean PU, Clean PU/AC (not used in the experiment) and PU/AC with biofilms (from MFC 1 and 2) were measured with a gold-plated device as described in the Materials and Methods section. Figure 8 clearly shows that PU/AC electrodes with a biofilm have lower (~4 times) ohmic resistivity compared to the clean PU/AC. This ohmic resistivity is still~400 times higher than one of graphite felt (insert picture in Figure 8 ). The conductivity of the biofilm developed on the PU/AC composites was on average ~1.5 mS·cm −1 (Table 2) . Therefore, the increment of the conductivity of the PU/AC composites suggested that biofilms could modify the surface of the electrodes, which was of interest for MFCs development. For instance, this bio-conductivity may be of great importance for the minimum use of electrode material. In this sense, biofilms can be carefully developed for an optimal design of electrodes in which the biofilm enriches the conductivity [71] . This finding is consistent with other studies that have also indicated the bio-conductivity of biofilms. Table 2 shows that electrochemically active biofilms (EABFs) are conductive while different types of biofilm are less conductive or natural insulators [21, 71, 72] . Since the conductivity and current density of this PU/AC study was lower than other bioanodes, there is likely to be room for improvement. A longer-term operation or fed-batch adding of AC materials may enhance the performance due to more biofilm development or encapsulation of conductive AC properties. This potential improvement is supported by earlier work to enhance the performance of bioanodes for microbial electro synthesis, which showed that adding carbon nanotubes during operation did improve performance [73] . Furthermore, research on conductive biofilms has shown that the conductivity of a biofilm varies between microorganisms [21] and that higher conductivity is achieved in biofilms with nanowire structures in both biofilms with mixed and pure cultures [72] . Therefore, the observed nanowire structures (Figure 7) may have contributed to the bio-conductivity in the PU/AC/BIO. The conductivity of the biofilm developed on the PU/AC composites was on average~1.5 mS·cm −1 (Table 2) . Therefore, the increment of the conductivity of the PU/AC composites suggested that biofilms could modify the surface of the electrodes, which was of interest for MFCs development. For instance, this bio-conductivity may be of great importance for the minimum use of electrode material. In this sense, biofilms can be carefully developed for an optimal design of electrodes in which the biofilm enriches the conductivity [71] . This finding is consistent with other studies that have also indicated the bio-conductivity of biofilms. Table 2 shows that electrochemically active biofilms (EABFs) are conductive while different types of biofilm are less conductive or natural insulators [21, 71, 72] . Since the conductivity and current density of this PU/AC study was lower than other bioanodes, there is likely to be room for improvement. A longer-term operation or fed-batch adding of AC materials may enhance the performance due to more biofilm development or encapsulation of conductive AC properties. This potential improvement is supported by earlier work to enhance the performance of bioanodes for microbial electro synthesis, which showed that adding carbon nanotubes during operation did improve performance [73] . Furthermore, research on conductive biofilms has shown that the conductivity of a biofilm varies between microorganisms [21] and that higher conductivity is achieved in biofilms with nanowire structures in both biofilms with mixed and pure cultures [72] . Therefore, the observed nanowire structures (Figure 7 ) may have contributed to the bio-conductivity in the PU/AC/BIO. For the bioanolyte, its role was shown with cyclic voltammetries (Figure 9 ). The ex situ CVs done in the anolytes removed from MFCs gave interesting findings (Figure 9a,b) . One can see that in all anolytes indistinctly of the anode material a redox peak was observed around −200 mV. Therefore, it is evident that the bacteria were producing exogenous mediators [41, 70, 77] as no peaks were observed in the fresh abiotic anolyte (Figure 9 ). The presence of exogenous mediators suggested that bacteria capable of electron transport through redox mediators were present in the bioanolyte. For the bioanolyte, its role was shown with cyclic voltammetries (Figure 9 ). The ex situ CVs done in the anolytes removed from MFCs gave interesting findings (Figure 9a,b) . One can see that in all anolytes indistinctly of the anode material a redox peak was observed around −200 mV. Therefore, it is evident that the bacteria were producing exogenous mediators [41, 70, 77] as no peaks were observed in the fresh abiotic anolyte (Figure 9 ). The presence of exogenous mediators suggested that bacteria capable of electron transport through redox mediators were present in the bioanolyte. 
Diverse Microbial Community both in the Bioanode and Bioanolyte Predominantly by Proteobacteria
The microbial analysis showed that there was no apparent difference between microbial communities in the anolyte and on the PU/AC electrode (sponges). Figure 10 shows the microbial community relative abundance (>1%) in samples. The microbial communities were predominantly by Proteobacteria phyla, followed by Bacteriodetes, Synergistetes, Firmicutes and Spirochaetae, respectively. The electricity was possibly generated by some genera within Proteobacteria phyla that are known to be electrochemically active such as Geobacter, Deferrisoma, and Desulfobulbus [78] . Additionally, Table S5A -E show all the microorganisms that were relatively abundant (≥1%) from phyla to genera level. The microbial analysis showed that there was no apparent difference between microbial communities in the anolyte and on the PU/AC electrode (sponges). Figure 10 shows the microbial community relative abundance (>1%) in samples. The microbial communities were predominantly by Proteobacteria phyla, followed by Bacteriodetes, Synergistetes, Firmicutes and Spirochaetae, respectively. The electricity was possibly generated by some genera within Proteobacteria phyla that are known to be electrochemically active such as Geobacter, Deferrisoma, and Desulfobulbus [78] . Additionally, Tables S5A-E show all the microorganisms that were relatively abundant (≥1%) from phyla to genera level. 
Field Test: PU/AC Electrode Delivers Electrical Current in a Plant-MFC When Used as an Anode
The field test result shows that the PU/AC electrode was able to deliver electric current when used as an anode and coupled with a graphite felt cathode (Figure 11a ). However, the PU/AC electrode could not act as a cathode. Figure 11b shows that the PU/AC failed as a cathode to provide an access for oxygen reduction. The fact that the PU/AC failed as a cathode could be due to various reasons (e.g., a too low AC load) although it was reported that oxygen reducing biocathodes have conductivity [79] . Further study is required to understand the failure of PU/AC electrode as a cathode material. 
The field test result shows that the PU/AC electrode was able to deliver electric current when used as an anode and coupled with a graphite felt cathode (Figure 11a ). However, the PU/AC electrode could not act as a cathode. Figure 11b shows that the PU/AC failed as a cathode to provide an access for oxygen reduction. The fact that the PU/AC failed as a cathode could be due to various reasons (e.g., a too low AC load) although it was reported that oxygen reducing biocathodes have conductivity [79] . Further study is required to understand the failure of PU/AC electrode as a cathode material. On average, current density and the power density of the Plant-MFC with PU/AC anode were 2 ± 1 mA·m −2 plant growth area (PGA) and 0.2 ± 0.1 mW·m −2 PGA, respectively. This current density was 48 times lower than the power density of similar tubular Plant-MFC with a graphite felt anode in the same paddy field [58] . The maximum current density (5.6 mA·m −2 PGA) and the maximum power density (0.9 mW·m −2 PGA) (Day-1 and -2 on Figure 11a ) were reached just after the nearby soil was ploughed and fertilized before rice was transplanted [58] . Further polarisation curves should be done to find a more optimal maximum power point. Hereby maximum power point trackers can be useful as the systems performance is dynamic [80] .
Conclusions
This study shows a proof of principle that an alternative electrode can be developed by coating a PU cube with activated carbon (AC) using a water-based dipping-drying process. This production process creates a biocompatible surface without additional energy need for PU-carbonisation or use of toxic chemicals. Biofilms were able to grow on the PU/AC electrode and enhanced conductivity. Electricity production with PU/AC bioanodes reached up to 22 mW·m −3 anode in lab MFCs and 0.9 mW·m −2 plant growth area (PGA) in field test tubular Plant-MFC.
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